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Abstract 

The  thermal  decomposition  of  KOg  in  argoni  NOg  mixtures  has 
been  Investigated  by  the  shock  wave  method,  using  both  incident 
and  reflected  shocks*  The  argon:  NOs  ratio  was  varied  from  360 
to  5*6,  and  the  temperature  was  varied  from  lk)0*  to  2500*  K* 

The  rate  lav  Is 

-d(lf02)Alt  =  {m)(H02)  +  ^  (NQa)®. 

(m)  la  the  total  (mainly  argon)  gas  concentration 
ex^  (-65,4oo/^)  mole'*^Jli't^^e“\  *  2*5  x  10^^ 

(+  5000)/ot) 

The  k ,  term  in  the  rate  law  is  believed  to  be  dus  to  tbs 
•“1* 

unlmolecular  dissociation  at  its  low  pressure  limit, 

k  /2 

M  +  NOs  « — y  M  +  HO  +  0 

(6) 

0  +  01(0  — )  Os  +  HO  (fast) 

•nd  it  k  Ehovn  that  nsasureDent*  of  the  itvcree  of  tetetlon  (6)  At 


And  k  •  3.06  X  10 
(exp  -25/000 


low  temperature  are  in  agreement  with  our  high  temperature  values 

for  k  • 

-u 

The  term  is  partly  duo  to  the  **Boden8tein  bimoleculor  path*** 
However*  the  values  of  are  about  eight  times  greater  than  the 
extrapolated  values  for  the  Bodenstein  mechanism)  there  may  be 
some  other  blmolecnilar  path  which  contributes  to  the  decomposition* 
The  results  l?.lustrate  a  characteristic  feature  of  hi^  temp¬ 
erature  chemistry)  namely*  that  a  number  of  reaction  paths  frequently 
contribute  to  on  overall  chemical  transformation. 


The  thermal  decomposition  of  NO2 

2:;0^  — — 21W  *  0^  (1) 

is  in  many  respects  one  of  the  classical  examples  of  a  bimolecular 
redaction*  It  was  studied  by  Bodenstein  and  Pvomstetter^  and  later  by 


1*  M*  Bodenstein  and  H* 
105  (19a2). 


Ramstetter*  Z*  physik*  Chen*.  ICX)^ 

WA 


others*  including 


Rosser  and  Wise 


For  the  rate  constcuit  between 


2*  W.  A*  Rosser*  Jr.  and  H.  Wise*  J.  Chon.  Phys. ^  24*  493  (1956). 


600  K  and  1000®  K*  the  latter  authors  givo 

1  d{N02>) 

- 5 - —  *  Jhb  *  oxp(-26,9Q0/to)  jnol»“^  liter  eoc”^  (2) 

(MOg)  4S 


^3- 


(Subflcrlpt  b  Impllea  tho  belief  that  this  eonatiint  I0  for  the  "Bodeneteiji 


wochanlem#**  with  the 


transition  state  for  reaction  1«)  A 


transition  state  calculation#  with  reasonable  values  for  the  distances 
aiKl  vibration  frequencies  of  the  activated  complex#  which  is  aasianed  to 

A  A/ 

bo  0  0  n  #  agrees  rather  well  with  the  observed  preexponential 

factor.  (At  low  temperatures#  the  reverse  termolecular  reaction  has 


3.  P.  R.  Herechbach,  H.  S»  Johnston,  K.  S«  Pitzer  and  R.  £• 
Powell#  J.  Chem.  25,  736  (1956). 


a  small  negative  temperature  coefficient  which  has  been  extensively 
studied;  above  500^  K#  this  rate  constant  is  essentially  constant  in 
accordance  with  (2)).^ 


4.  H.  J.  Schumacher  ♦^Chemlsche  Gasreaktlonen#*  Theodor  Stelnkopf# 
Leipzig,  193s ;  pp.  311-320. 


By  observing  the  very  early  stages  of  the  reaction,  Ashmore  and 

C  Q 

Levitt  discovered  that  the  initial  rate  of  pyrolysis  near  700  K  is 


5.  P.  G.  Ashmore  and  B.  P.  Levitt,  Research  ( C orre spondence ) ,  9# 
525  (1956).  ■  ^ 


greater  than  that  observed  by  previous  investigators |  this  additional 
contribution  to  tho  rate  is  quenched  as  NO  forms#  or  if  NO  is  added  to 
the  initial  mixture.  Those  phenomena  are  attributed  to  tho  now  reaotion 
path 


"°2  " 

HO,  ♦  NOj 


NOj  *  HO 
HOj  ♦  Oj  ♦  HO 


(3,4) 

(5) 


This  proposal  la  eonslatent  with  the  properties  of  NO  as  detemlned 

6  7 

In  other  investigations*  * 


6*  Ne  Davidson  and  G*  Schott#  J#  Chen*  Ptiys*e  27#  317  (1957)  | 
P.  G.  Ashmore  and  B.  P*  Levitt#  ibidT#  27#  3lI(1957K 

7*  G.  Schott  and.  N.  Davidson  THIS  JOURNAL#  1841  (1958)* 


We  report  here  a  shock  tube  study  of  the  rate  of  the  sons  re» 
action  in  NO2#  argon  mixt\2res  from  KOO^-2300^  K*  In  addition  to  the 
bimolectilar  reaction  path#  there  is  a  unlmolecular  dissociation  path 


A  ♦  NO2  - 

— ^  A  NO  ♦  0 

(6) 

0  ♦  ONO  - 

— ^  O2  ♦  NO  (fast) 

(7) 

There  is  available  a  brief  preliminary  report  of  another  shock 
wave  Investigation*  The  ex^>erimental  results  in  tbs  two  studies  agree 


8*  M«  Stelnburg  and  T*  F*  Lyon#  abstract  of  paper  presented 
before  Inorganic  and  Physical  Chemistry  Section#  131st  National  Meet¬ 
ing#  Anerican  Chemical  Society#  Miami#  Florida#  April#  1957* 


rat Ae*r  vell|  the  differences  in  interpretation  will  be  considered  below* 


5- 


Experinontal 

9  10 

Th«  shock  tub©  Is  essantlally  as  described  before#  but  sotae- 


9«  D»  Britton#  N*  Davldaon,  and  0.  Schott#  Discussions  Faraday 
222*  No.  17#  58  (1954).  C 


10*  D.  Britton#  N«  Davidson#  W*  Gehman#  and  0.  Schott#  J*  Chem. 
PhvB..  ^804  (1956). 


What  longer.  The  diameter  was  15  cm.j  the  driving  section  was  a  270 
cm#  length  of  aliimlnum  pipef  the  shock  wave  section  consisted  of  a 
140  cm#  long  alumlntim  pipe#  and  two  150  cm#  long  sections  of  pyrex 


pipe. 


The  principal  experimental  innovation  In  cur  present  work  was 
the  observation  of  reaction  rates  behind  reflected  shocks  in  sons 
instances.  This  was  particularly  convenient  when  high  ratios  of  argon 
to  NOg  were  desired  (the  range  of  NO^  concentrations  being  to  some 
extent  fixed  by  light  absorption  considerations)  at  /ligh  temperatures. 
The  high  argon  pressures  and  high  temperatures  are  more  conveniently 
produced  in  reflected  shocks)  furthermore#  since  there  is  no  ^tirne 
compression#*  very,  feat  reaction  rates  are  more  readily  measured 
behind  reflected  shocks.  For  experiments  with  reflected  shock  waves# 
a  special  end  plate  was  used  which  placed  the  reflecting  surface  abcut 
12  centimeters  in  front  of  the  end  of  the  glass  pipe.  The  clearance 
between  the  circunference  of  this  plate  and  the  inside  glass  wall  was 
about  one  nm.  A  plunger  arrangement  allowed  the  portion  of  the  shock 
tube  behind  the  reflecting  surface  to  be  evacuated  throu^  a  hole  in 
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the  reflecting  plate*  Thle  opening  could  then  be  cloeed  Imediatoly 
before  the  diaphragm  was  burst*  The  reflecting  surface  Was  about 
3  cm  from  the  station  at  which  observations  of  the  reflected  shock 
were  made* 

In  all  experiments*  Incident  shock  velocities  wore  measured 

using  Schlleren  techniques  as  before* 

The  mercury  arc  light  sources  and  filter  combinations  have  been 
7  9  10 

described  before*  *  •  However*  the  Csrom  JIBO  200  high  pressure  arc 

Vfhich  ^^as  used  with  great  success  before  become  unstable  In  operation* 

even  with  new  lamps*  and  was  not  used  very  riiich*  In  moot  experimonts* 

the  NO2  concentration  was  monitored  using  the  Hg  405  or  436  mj[i  line* 

For  experiments  with  high  concentrations  of  NO^*  the  546  m^  line  was 

isolated  from  a  Hanovla  arc  with  a  Baird  multilayer  interference 

filter  and  a  Coming  3466  cut  off  filter# 

NO^  was  prepared  as  before*"^  Nitric  oxide*  NO*  (Matheson)*  with 

NO2  as  the  principal  impurity*  was  fractionally  distilled  tvflce  from 

the  liquid  at  -150^  C  into  a  trap  at  -196^;  the  resulting  solid  was  a 

light  gray  material*  which  melted  to  give  a  light  greenish-blue  15jquld. 

Calculations*— ^Experiments  with  incident  shocks  were  made  with  NO^, 
/s^vvvyw^  ^ 

argon  mixtures  with  initial  NO2  mole  fractions  of  0*023  to  0*15*  The 
methods  described  previously  for  calculating  the  temperature  and  density 
from  the  measured  velocity  and  for  correcting  for  the  change  in  these 
parameters  as  the  endothermic  reaction  proceeded  were  used.  Appropriate 
small  corrections  for  the  enthalpy  and  composition  of  the  unshocked  gas 
due  to  the  equilibrium*  N20^  -  2NO2*  were  mode# 


The  reflected  shock  experiments  were  done  with  KO2  mole  fractlona 
cf  about  0*003 1  0w007  and  a  few  at  0*023*  In  this  casof  the  calcula¬ 
tions  were  made  for  pure  argoo*  Only  in  the  case  of  the  0.023  mole 
fraction  would  the  corrections  be  significant.  However*  it  would  be 
very  difficult  to  make  a  proper  correction.  If  observations  were 
Made  feu*  from  the  end  plate*  so  that  reaction  had  gone  to  equilibrium 
at  the  end  plate#  and  the  reflected  shock  had  reached  an  appropriate 
steady  value,  corrections  could  readily  be  made.  However#  it  is  un¬ 
desirable  to  make  observations  at  a  great  distance  from  the  end  plate 
because  of  boundary  layer  problems  and  because  of  possible  disturbances 
due  to  uhe  "contact  surface."  Observations'  are  actually  mad(.  close 
(3  cm)  to  the  end  plate.  Thus  if  the  reaction  is  being  observed#  it 
has  not  yet  gone  to  completion  at  the  end  plate  and  the  rarefaction 
vave  resulting  from  the  endothermic  reaction  has  not  slewed  down  the 
reflected  shock  to  its  final  steady  value.  That  is#  a  steady  state  has 
not  been  achieved.  Calculatlonu  for  the  non-steady  situation  would  be 

'very  ccnpllcated.  We  have  accordingly  made  calculations  assuming  the 

11 

gas  was  pure  argon.  The  cooling  would  at  most  produce  a  temperature 

11.  The  appropriate  equations  are  given  by  F.  W.  Geiger  and  G.  M. 
Mauts  "The  Shock  Tube  as  an  Instrument  for  the  Investigation  of  Tran- 
aonlc  and  Supersonic  Flow  Patterns#"  Engineering  Research  Institute, 
UnlT.  of  Mlchl^,  Ann  Arbor,  1949*  (ONR  report) 

change  of  100®  t,  and  the  initial  rate  constant  would  not  be  affected 
ynry  much* 


It  nagr  be  noted  that  the  reflected  shock  Teloeltiea  could  be 

obtained  from  the  experljsental  data  (since  the  passage  of  both 

incident  and  reflected  shocks  are  observed  on  the  osolUoscppe  trace  )| 

these  ibeasured  velocities  agreed  with  the  velocities  calculated  from 

1  ‘ 

the  incident  velocities*  However#  because  of  the  large  error  in  the 
reflected  shook  velocity  measurements#  this  is  not  a  critical  confizma- 
tion  of  the  validity  of  the  reflected  shock  experinsnts*  The  beat 
confirmation  ccmes  from  the  agreement  between  rate  data  from  incident 
and  reflected  shock  experiments*  The  reflected  shock  pictinres  all 
looked  good  and  in  accordance  with  ideal  shock  tube  theory • 

Results 

Extinction^Coefflcien^*^  coefficient  data  are  deter¬ 

mined  as  part  of  the  kinetic  records*  They  are  not  hif^ly  accurate* 

The  results  are  summarised  in  Table  1*  They  agree  fairly  well#  hut 

7 

not  perfectly,  with  those  given  by  Schott*  As  expected,  the  absorp¬ 
tion  coefficients  near  the  maxisnsn  decrease  with  increasing  temperature; 
at  on  the  edge  of  the  absorption  band#  dJ/dT^O. 


Extinction  Coefficients  for  NO^ 


300  800 

1000 

1500 

2000 

f(405  m^)* 

164  140 

130 

113 

95 

6(436  m^) 

144  116 

112 

100 

a? 

^(546  B^) 

29 

55 

63 

cm 

•• 

The  average 

deviation  of  the  results  is  about  10^* 

-9- 


Klnoties*— >The  principal  •xperiasntal  rcfultc  arc  raluca  of  Initial 
WVyy/s 

rate  constants*  Tan  groups  of  reactions  were  dona  In  uhleh  the  NO^  con* 
aantratlon#  the  argon  concentration*  azKl  their  ratio  vara  vldaly  rarled* 
The  approximate  oondltloos  of  each  group  of  experiments  are  glren  in 
Table  2*  vhere  (M)  ■  total  gas  ooncentratlon  (argon  plus  K02)*  Since  the 


Table  2 

Range  of  Experimental  Conditions 


A 


Unahocked  ggjs 
Mole  Fraction  NO, 


Shocked  gas 
(NOp  (A) 


Wave 

region 


-  (x 

Pressure 

(*tiii) 

BOls  . 

mole  o 

llter*^^ 

357 

0«2d 

0.1 

.8 

30 

reflected 

U3 

0*7 

0.04 

.8 

11 

« 

a 

2*3 

0.019 

1.5 

6 

e 

U 

2.3 

0.04 

1.5 

6 

incident 

20 

5.0 

0.02 

1.5 

3 

20* 

5.0 

0.02 

1.5 

3 

M 

20 

5.0 

0.04 

3 

6 

R 

10 

10 

0.01 

1.5 

1.5 

R 

10 

10 

0.02 

3 

3 

■ 

6*7 

15 

0.03 

8 

4 

■ 

*0*04 

Bole  fraction  NO  added. 

oomprecslon  ratio  Is  a  (alovly  varying)  functlcn  of  the  shook  ntrength* 
oendentrationa  in  the  shocked  gas  varied  allghtly  for  constant  initial 
oondlticns*  lastot  conditions  are  given  elsevhere*^ 


••iO* 


A0  V0  shall  BsSf  ths  sTldsnos  indloatss  thst  ths  rats  law  is 


di 


(8) 


The  tsra  correspond*!  to  a  second  order  process#  first  order  in  (M) 
(essentialiy  argon)  and  first  order  in  NO^*  As  disouesed  later#  ee 
bellere  that  it  is  the  tmlnolocular  dissociation  of  IK)2  at  its  low 
pressure#  second  order  limit#  The  tens  is  second  order  la  NO2  and 
is  attributed  to  a  true  biaolecular  reaction# 

In  order  to  plot  the  data  at  varying  (M)/(N02)  ratios#  an  apparent 


"first  order  in  NO2"  rate  constant  is  defined# 

1  d(N02) 


1^9“"  dt 


(9) 


The  results  so  calculated  are  displayed  in  Fig#  1#  Note  that  if 
were  sero#  and  would  le  an  Arrhenius  function  of  the 

temperature  and  independent  of  the  gas  oomposltion#  A  similar  plot  of 
the  defined  rate  constant# 


ao 


-(1/(H0«)^  d(NO.)/di 


(10) 


could  be  made# 

An  effort  has  been  made  in  Fig#  1  to  indicate  the  approximate 
argon  and  NO2  conoentrationa  for  each  point#  This  makea  the  plot 
neceaaarily  rather  complioated#  Careful  aorutiny  of  Fig#  1  and  of 
the  corresponding  plot  for  rsresls  that  ths  points  at  low  IIO2  mole 
fractions#  2#d  x  10  and  7#0  x  10  ^#  at  the  higher  temperaturea  fit 
the  Ju  inteiipretatlon  and  indicate  a  high  activation  energy#  For  the 
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2#6  X  ICT^  Bol®  fraction  points,  thla  la  57  koal  nola*^#  Tha  polnta  at 
bl^  HO2  ttola  fractiona  (G«05#  0«10,  0«15)*  particularly  at  lower 
teapfraturaCf  fit  the  interpretation  better  and  Indioate  a  IcW 
(23  ♦  4  kcal)  activation  energy# 

fheory  indicatee  that  the  local  activation  energy  for  tl^  uni— 
Boleoular  prooees  (1^)  should  be  about  65*4  kcal  aole  ^  near  200C^  K« 
Once  ^  ie  known,  values  of  can  be  ca.loulated  frtai  the  data  in  Fig*  1 
by  the  relation,  ^  •  ((M)/{N02))(J^-li;jj)*  By  a  trial  process,  a  line 
for  ^  with  a  slope  corresponding  to  an  activation  energy  of  65*4  was 
choeen  so  as  to  give  a  good  fit  for  This  expreesion  is 

^  •  3.06  X  10^^  exp(-65,400/^)  nolo"^oec*^  (11) 

and  ie  the  straight  line  in  Fig.  1.  Clearly  the  value  of  affects 

only  the  high  tenperatur^  results.  The  points  on  the  Arrhenius  plot 

for  the  values  of  thus  calculated  show  a  fair  anount  of  scatter, 

but  it  ie  significant  that  the  poiiite  with  lew  HO^  aole  fractions 

(0.0026,  0.007,  0.023)  are  now  much  more  consistent  with  the  data  fre* 

the  high  WO  mole  fractions.  When  the  points  at  high  WO^  mole  fractions 
2 

(0*05,  .10,  .15)  are  graphed  by  thenselves,  they  give  a  quite  good 
straight  line  plot  (Fig.  2)  fTon  which 

•  2.5  X  10^°  -exp(-25,000(>5000)/1lT)mole“^l  seo"^ 


(12) 
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Difcusaioo 

Th«  UnlAoIeoular  Disaoclation*— ^he  tem  in  th«  ntn  lav 


J^(a)(1I02)»  ii  reaf/oimhly  attributad  to  tha  naohania 


* 


A  ♦  NO 


2  r 


oor 


A  ♦  NO  ♦  0 


0  4  OHO  -2.-^  Og  ♦  NO 


(6) 

(7) 


At  high  teoperatiirea*  the  rayeraa  of  (6)  la  tmlnportant*  ford  and 
Endov^^  gi^  •  2  X  10^  nola*^  1  aao*^  at  300^  X*  A  alnpla  transition 


12«  H«  ford  and  N«  Endow^  J*  Cham*  Phys*#  27#  1156  (1957)* 

1/2 

atata  argunent  auggaata  that  increases  approximately  as  dither  or 
T#  so  va  guesstimate  •  5  x  10^  mole““^  liter  sec"^^  at  2000®  X*  With 
(NO2)  ■  10"^  mole  1*^#  the  average  lifetime  of  an  0  atom  for  reaction  (7) 
is  therefore  2^seo*  With  “lx  10^  mole*^  1  eec“^  and  (A)  ■  3  x  10"^ # 
vhioh  oorresponds  to  the  fastest  reaction  rates  measured  (cf»#  fig*  l)# 
tha  mean  reaction  time  is  about  lO^yseo*  Thus  possibly  for  the  very 
fastest  reactions  measured#  reaction  (7)  was  not  quite  but  almost  in  a 
steady  state  with  respect  to  (6)*  for  all  other  oases#  (7)  was  certainly 
adequately  fast#  so  that  •  1*5  x  10^ 

e3q)(«65#400^)  mole*^  1  seo*^  (13) 

We  nay  oc^)are  this  result  with  an  extrapolated#  calculated  value 
based  on  the  measurement  of  the  reverse  rate  by  ford  and  Endcw*  They 
give  ■  1*0  X  10^°  nole"^  1^  seo"^  at  300®  K  with  N2  as  the  •third 

body*  M#  The  classical  version  of  the  Rice#  Ramsperger#  Xassels  theosy 
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•uggtfflt  for  a  roaction  llko  (6)» 

/b\®*^  1 

l56d"2\i)  Ti^TT  •«P(-S«AT) 

where  2  ^  ooUlsion  niaber  and  n  la  the  nuriber  of  effeetlra  oaoUlAtore 

in  thii  eaee  three*  For  E  we  take  ■  71«400  cal*  The  tem  In  front 
tf  th.  .,po«ntia  varies  a.  (T^ba  SlaW  th«»y  of  unliaolacular 

reaotlona  glrea  a  alallar  expreealon*  perhaps  with  a  aaialler  value  of 
It  le  plausible  that  an  available  energy  treatment  such  aa  that  of  RKX  ia 
better  than  the  critical  coordinate  treatment  of  Slater  for  a  einple 
Boleoule*) 

The  equilibrium  conatant  for  reaction  (6)  can  be  expreaaed  In 
the  form 

where  the  S*b  are  partition  fUnotiona*  The  vibrational  partition  func¬ 
tion  for  NO2  ia  due  to  two  atretohee  and  cne  bend*  Aaaimie  that  for  the 
stretching  frequencies,  for  the  bend,  9  -  Considering 

the  contributions  of  rotation  and  translation,  the  equilibrium  constant 
la  of  tha  form  2^  ■  I  expC-  AE^T)*  where  J  is  temperature  Independent* 
ha  view  of  (14)*  Assume  that  argon  ia  about  one-half  as 

effective  as  ae  a  third  bodyi  therefore  (300®,  A)  ■  1*0  x  10^^ 
■ol**  I"®  me~^  uA  -  5.2  x  l(P/3^^  ■oO*^  l"*  ••o'^ 


(16) 
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froi  ftaxidard  thefAodynaAlo  tha  aq^lbrlm  oomriant  for 


^  mm  m  im  mm  m  ^  mm  mm  mm  ^ 
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U«  H.  W«  Mooley#  £[)§  HBSj^SA  Tablaa  Tharmipi  Propertiaa  o£ 
Mational  Bureau  of  Standardd^  Washington*  D*  C.*  Tauaa  15«10 
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1$.  Saloeted  Yeauea  s£  Chemical  Tfrrr?»T11Tr)iT  ftropertlee. 
Rational  Bureau  of  Standards*  Washington*  D.  C.*  CiretAlar  500*  Series 
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(6)  at  2CXX3®  K  is  1.15  x  10*^  mole  l"^*  and  ve  msgr  write  ^  ■  7.3  x 
10^  exp(-71*400^T)«  We  therefore  calculate  from  the  low  tea^rattire 


Talue  of 


W' 


JE^  •  (3.8  X  10“a^^)  exp(-71,400/^)  mole"^  liter  eec*^  (17) 

The  expression  (13)  for  tho  hi^  temperature  rate  data  in  the  neighbosw 
hood  of  2000^f  when  recast  In  the  form  expressed  by  equation  (14)  giTts 


•  (6.0  X  10^® exp( -71,400/to) 


(18) 


Thus  the  extrapolated  (17)  and.  experimental  (IS)  high  temperature  data 
agree  remarkably  well.  Equation  (14)  above  can  be  rewritten  ai 

1/Z!Z\2 


i6d‘^iooo  (;Jo^^(§) 


where  2xqqq  is  the  collision  ntnber  at  1000^.  Nwerioal  ev^uation 
from  (is)  gives  ij^goo  “  nole"^  liter  sec^*  ^ieh  is  quite 

reasonable. 
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Za  the  InUrpretatioii  above  i  ve  have  not  attee^itad  to  eonelder 
the  effect  of  poeeible  differenoea  betveec  NO2  itaelf  and  A  aa  energgr 
tranafer  agenta  for  reaction  (6)«  Beoauaa  of  the  Ion  (V02)/(A)  ratloe# 
It  la  ualikelj  that  aQ3r  apeclal  effeota  due  to  RO2  vould  be  erident* 

Tfatti  ee  nay  aay  that  the  Interpretation  of  the  high  te^>eratnref 

* 

high  dilution#  J(^(M)(H02)  tern  in  the  rate  lav  aa  being  due  to  the 
imlnoleetilar  diaaooiation  of  1102  at  ite  loa  preaaure  llait  followed 
by  reaction  (7)  la  quite  aatiafaetory* 

^e^BlBoleoula7^Pa^«--It  ia  natural  to  try  to  attribute  the  bi- 
Boleoular  teni  ia  the  rate  lew#  J^(N02)  $  to  the  "Bodenatein  nechanlM#” 
which  we  picture  in  detail  aa 


(tranaition 

atate) 


In  ref*  1  (BJF?)#  a  detailed  tranaition  atate  analyaia  for  thia  reaction 
ia  giwan*  The  e^)irioal  rate  law  aroiad  570^  K  ia  «  4*0  x  10^  exp 
(-26»900/dlT)  iT^  aec"^#  Thla  ia  the  loweat  atraight  line  in  Fig*  3* 

The  ttlddle  curve  In  the  figure  ia  calculated  fTon  the  tranaition  atate 


theoiy  uaing  the  frequency  aaaignnent  and  atrueture  for  the  tranaition 
etete  given  by  HJFP*  Zt  too  ia  lower  than  the  experlaeutal  curve* 

The  tranaition  atate  expreaaion  la# 

_ e. 


IXp(*4^y^) 


(19) 


}A»t9  the  £(§  ai^  pairtitlois  fimotlona*  The  asalgtiimt  of  8JPP  git^i 
1^  •  25»900  koal  A  siaqpla  approxinate  argtiagt  In  which 

Tlbratlonal  partition  funotlona  ara  oanoelled  whan  their  fraquanoiea 
are  elpae  and  are  taken  as  having  the  Uniting  foom#  kTAv  #  for  low 
freqtieneiea*  Indicatea  that  can  be  approxlnately  repreeented  bgr 
6*I.(.E^)  at  the  higher  temperature.,  which  explain,  why 
the  traneiticn  atate  extrapolation  lies  alcove  the  einple  Arrheniua 
extrapolaticn*  (Howeir^r  the  transition  state  extrapolation  in  Fig*  3 
is  baaed  on  an  exact  calculation  of  the  part5.tion  functions  using  the 
KJPP  frequencies  and  not  on  the  approxinate  representation  given  above)* 
The  question  now  is  whether  there  is  some  other  binolecular  re¬ 
action  path  since  the  extrapolated  rate  constants  are  less  than  the 
experimental  ones  (^)  hy  a  factor  of  about  8  (at  ^  1667^  X)* 

One  such  possibility  is  the  Ashmore  and  Levitt  (AL)  path  (reactions 
3*  4#  5)*  The  rate  l&w  for  this  is 


1  d(N02)  2  ^ 

-  —X  - -  - - —  ■  i) 

di  1  ♦  ]^(N0)45(N02) 

Accoirding  to  AL«  at  707®  K,  2^  •  26  aole"*^  liter  seo"^,  and  ^^4^  -  60, 
whereas  ■  19*4*  Thus  the  two  meehanimas  contribute  approxlnately 


equally  to  the  initial  rate* 

The  ratio  ^  inpliee  that  when  MO  has  aeoumulated  so  that 
(N0)/(N0^)  y  1/60$  the  MO^  reaction  path  is  suppressed  compared  to  the 
Bodenstein  path* 


6  7  A 

The  arallable  Inf ormatlcn  *  about  indioatas  that  for 

reaoticR  (3)  is  23*000  cal*  Kinatlo  Information  about  ixxlioatea 

16 

an  aotiration  energy  elosa  to  Bero« 


16*  I*  C*  Hisatsune#  B«  Crawford  and  R*  A*  Ogg,  THIS  JOURNAL# 
464S  (1957). 
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3^3  koal.  Thus#  all  tha 


17.  Private  communication* 


evidence  euggeste  that  tha  activation  energy  for  reaction  (3)  is 
either  slightly  less  than  or  at  most  equal  to  that  for  reaction  (1). 
Since  the  two  rates  are  comparable  at  707^  K#  it  is  predicted  that 
the  NOj  process  would  make  at  most  an  equal  contribution  with  tbs 
Bodenstain  mechanism  at  high  temperatisree* 

Tiria  activation  energy  difference#  is  at  most  the  value 

of  of  3900  cal#  so  that  at  1750#  ^  12*  Thus  NO  should  still 

be  a  potent  inhibitor  for  the  NO^  reaction  path  at  the  high  tenqseratures 
of  the  present  investigation.  It  is  possible  hcMever  that  sons  other 
reaction  faster  that^i  (5)  destroys  NO^  at  the  hi^  taBq}arature8.  An 
attractive  possibility  is  tha  unlmolecular  daocaqwsition  of  NO^  at  its 

<7 

lev  pressure  limit. 


NO^  ♦  M 


NOj  ♦  0  ♦  M 


(21) 


Consideration  of  the  nature  of  the  partition  funotlons  suggesti 

that  the  equUibriuD  oonstant  for  reaction  (21)  can  bs  approxljaate37 

—1/2  o  7 

represented  as  exp(-^Ey^)»  The  lofw  tenperature  data 

then  give  *  i.95  x  10*^  exp(-%C9»600y^)  mole  1*^#  o**  i  •  0*29 

(1750®  E)t  ford  and  jEr/iow  report  *  10^  mole'^  seo“^  at  299^$ 

aad  ve  aunnlBe  ao  that  ”  5.2  x  1(M  Thla 

gives  a  reasonable  expression  for 

^211  “  exp(-Z9.60O/hT)  mole“^  1  aeo"^  (22) 

or  ijid  ■  2  X  loi®  at  1750®  K. 

If  reaction  (21)  replaces  (5)»  the  rate  law  for  the  MO,  path  la 
1  d(NO,)  2  ]u 

- - - 2.  - - *2 -  (23) 

(MOj)  di  1  ♦  ji^(MO) 

^21d^*^ 

Fron  the  estlinate  of  Schott  and  Davidson  -  4  X  10^°  seo*^  at 
1750®  K*  Using  the  values  of  (NO)  and  (a)  present  in  the  ejqwiments 
with  added  NO  (where  no  significant  Inhibition  was  observed),  k^(NO)/ 
(M)  ^1  at  1750®  X*  Thus  indeed,  as  regards  the  absence  of  in¬ 
hibition  NO,  the  NO^  reaction  path  might  be  important  at  1750®* 
it  the  lowest  temperature  of  this  investigation  (1400f|^  ),  ]S21d 
about  1/50  of  its  value  at  1750®  K.  This  is  still  large  enough  to 
be  a  fast  follow  reaction  for  reaction  (3),  but  NO  would  now  oertainl/ 
be  a  potent  inhibitor*  Unfortunately,  this  important  point  Was 
recognised  after  the  experimental  work  was  concluded  and  this  crucial 
test  of  tim  modified  NO^  reaction  path  has  not  been  ^rfomied* 


19- 


prorlougly  noted,  the  reeulta 
of  Ctelnburg  and  lyon  on  the  sane  gjretem  over  the  saiaB  teoperature 
rango  are  eonowhat  different.  They  f liri  all  their  data  nay  be 
accounted  for  by  the  rate  expreealon 


d(N0,) 


SSL 


3.82  X  10^  exp(.46,100/to)  mole"^  1  eec"^  (24) 


(NOgXX)  dt 


Near  2000°  K,  the  results  are  In  agreenent.  The  expression  above  gives 
isL  “  molo*"  1  oec"'*‘»  vhereas  In  Pl^.  1,  ve  give  Jj  ■  2.7  x  10^, 

IP  our  interpretation  of  the  data  is  correct  ^  t.he  activation  energy  of 
46,100  observed  SL  is  an  average  of  the  activation  energies  of  the 
high  temperature  (A)(W^)  term  with  an  activation  energy  of  65^000 
cal  and  the  low  temperature  term  will  an  activation  energy 

of  25,000  (♦  5000)  cal. 


Conclus^.— In  summary  then,  it  la  believed  that  the  most  reason¬ 
able  interpretation  of  the  shock  tube  experiments,  taking  into  account 
the  experimental  data,  extrapolation  of  other  results,  and  general 


theoreticcd.  considerations,  is  that  NO2  is  deconjx>6ing  by  two  paths* 

Ckie  is  the  unimolecular  docQfjQX>sition  of  NO2  into  NO  and  0  witl,  a  rate 
lav,  •^(N02)/d^  ■  J5^(N02)(M)  and  an  activation  energy  of  about  65  keal* 
The  second  is  a  blmolecular  decomposition,  -^(N02)/dt  •  k^CMOg)^,  with 
an  activation  energy  of  25  ♦  6  kcal.  It  should  be  reemphasised  that 
the  random  error  in  our  shock  tube  experiments  is  rather  large,  so  that 
the  above  conclusions  have  not  been  established  with  as  much  certainty 
as  is  desirable*  However,  the  data  do  strongly  support  the  inter¬ 
pretation  given* 
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The  phenomenon  encountered  ie  eharaoterletio  of  hi^  tenperature 
reecilone  ^  namely  that  a  hl^  aotlTatlon  energy#  hl^  eterle  faetor 
reaction  path  replaces  a  low  aotlvati(in  energy#  low  sterlo  fact  oar 
path  as  the  temperature  is  raised* 

The  observed  blmoleoular  rate  constants  are  greater  ty  a  factor 
of  eight  than  extrapolated  values  for  the  blmoleeular  "Bodensteln** 
meohaniar  for  which  the  trainsition  state  is  believed  to  be 

AAk^  •  It  seema  unlikely,  but  not  entirely  excluded,  that  this 
is  due  to  an  error  in  extrapolation*  Possibly  a  simple  extension  of  the 
Ashmore  and  Levitt  NO^  mechanism,  including  reaction  21,  can  account 
for  the  additional  reaction  path*  However,  the  data  nvTW  available 
indicate  that  this  should  increase  the  extrapolated  rate  only  by  a 
factci'  of  two.  Possibly  there  is  some  other  as  yet  imrecognlaed  re¬ 
action  path*  Possibly  the  discrepancy  is  in  the  present  v^rk*  This 
question  requires  further  work,  but  the  present  Investigation  has 
fairly  definitely  established  the  occurrence  of  both  unimolecular  and 
bimoleoular  reaction  paths* 

Insert  1,  p*  19 

The  bright  yellow-orenee  light  emission  observed  by  Stelnburg 

q 

and  lyoQ  mas  also  observed  In  all  of  our  experiments*  This  emission 
vas  distinctly  seen  under  normal  laboratory  lights*  An  extensive  study 
was  not  made*  A  few  photoelectric  oscilloscope  traces  Indicated  that 
the  light  eidssloa  decreased  ae  (liOg)  decreased*  This  ealsslon  Inters 
fared  with  the  light  absorption  meonure^aents  only  at  mjf  where  sp- 
proprlste  small  corrections  were  node* 
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Fig*  !•  Cl>i6r¥ed  rate  eonstaata  ealculated  aaouidni  •  d(M(%)/dt 
^  (n)  (BQb). 
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